Abstract In the present study a new laboratory method for the extraction of salts using wet sepiolite in closed cubic boxes has been developed. The methodology involved three successive applications of sepiolite, which were applied to four different types of calcareous building stone, previously subjected to artificial aging by salt crystallization (chlorides, nitrates and sulfates) that had been introduced through their pore network. Data revealed that the amounts of these anions extracted in the first two extractions, depended on the free porosity of each of the building stones. It was determined that by using this non-aggressive method, it was possible to remove nearly all of the salts upon the third extraction (more than the 95 % of the chlorides and nitrates and up to 88 % of the sulfates).
Introduction
One of the most common and aggressive pathologies present in monuments of historical/artistic interest is caused by salt crystallization processes. The degree of degradation depends on the intrinsic characteristics of the stone material, the environmental conditions (climate, pollution, etc.) , and the microenvironment of the buildings (García- Talegón et al. 2016; Iñigo et al. 2013; Adriani and Walsh 2007; García-Talegón et al. 2006; Rives and García-Talegón 2006; Rothert et al. 2007; Zaouia et al. 2005; Saiz-Jimenez et al. 2004; García-Talegón et al. 1999; Arnold 1996; Vicente et al. 1993) .
The dissolved water-soluble salts penetrate into the building materials through their pore networks by free porosity (atmospheric pressure and ambient temperature) (Iñ igo et al. 2001a (Iñ igo et al. , b, 2007 and their crystallization transmits a series of pressure that can give rise to fractures (García-Talegó n et al. 2015; Ruedrich and Siegesmund 2007; Angeli et al. 2007; Charola 2000; Robert et al. 1996) . Here, we address free porosity as was previously carried out in the work of Carretero et al. (2006) .
The degradation capacity of these salts is mainly determined by their concentration, solubility and the environmental variations controlling the crystallizationdissolution cycles (Doehne 1994) .
One of the non-aggressive desalting techniques involved applying poultices composed of different types of absorbent materials mixed with water. Originally, the sepiolite desalting technique was applied empirically (Bradley and Hanna 1986; Trujillano et al. 1995; Vergès-Belmain and Siedel 2005; Montana et al. 2014) .
Among the empirical studies that have been carried out, Bradley and Hanna (1986) Montana et al. (2014) applied sepiolite with pulp paper, at a thickness of 1 cm, to pottery rescued from sea beds. As both of these cases involved the treatment of Moveable Historical Heritage of small size, it was possible to apply the poultices over the total surface area of the objects. In the work by Trujillano et al. (1995) , sepiolite containing paper pulp was applied at a thickness of 1 cm to the six sides of the a cubic box, which had been previously used to carry out accelerated aging tests with soluble salts dissolved in water (chloride, nitrates and sulfates). In all of these studies the sepiolite poultice was allowed to dry at room temperature before being removed and further analysis being conducted. Additionally, other methods have included maintaining the sepiolite moist, in order to increase the time of action of the desalting treatment; sepiolite was applied to one of the sides of a cubic box, both dry and wet, at a thickness of 0.4 cm (Vicente and Vicente-Tavera 2001) . In both cases, the perpendicular sides of the cube where the sepiolite poultice had been applied were waxed in order to avoid the evaporation of water through the porosity of the stone material. Vicente and Vicente-Tavera (2001) applied the MANOVA-Biplot to determine the efficiency of the extraction of the clay poultice (sepiolite and bentonite) and Carretero et al. (2006) , in an empirical way, applied sepiolite with paper pulp at a thickness of 0.2 cm onto one of the flat faced surfaces of a cylinder with a diameter and height of 5 cm, covered with a plastic film.
In the present work, a new experimental method has been developed for the extraction of water-soluble salts (chlorides, nitrates and sulfates) by applying sepiolite poultices (clay with a highly specific surface area and a large capacity for water absorption) that are kept moist during the entire extraction process. This step faithfully reproduces what happens in statues and small objects (Moveable Historical Heritage) of cultural interest made in stone that is affected by the crystallization of salts. The removal of salts was accomplished by using this method in which poultices were applied in a closed box. The aim of this experimental design was to maintain the moisture in the sepiolite poultice for as long as possible in order to prolong the action of salt extraction. In principle, the water contained within the poultice would be drawn into the stone, dissolving the salts contained within, and then transported back into the poultice layer owing to the concentration gradient. This process was repeated three times for the same calcareous stone to access the extraction efficiency of each application.
The main objective of this work was to develop a new non-aggressive laboratory method (sepiolite poultices) that could reproduce the natural desalination process that occurs in situ in rock, as well as the influence of free porosity. We used a canonical biplot, which is an alternative to the MANOVA-Biplot (Vicente and Vicente-Tavera 2001) to evaluate the efficiency of the extraction of salts. The results of these laboratory experiments will help to determine the maximum concentration of the salts that can be absorbed by a clay poultice in monumental stone that has been deteriorated due to the crystallization of salts, and furthermore, the procedure must include a step where the poultice on the surface of the external blocks is maintained moist, for example, with the use of a plastic sheet.
Experimental Selected materials
To carry out the experimental design, a porous rock that allowed the free movement of fluids through its pore network was required. We selected four different types of calcareous building stone (calcarenites) used in the construction of monuments in western Andalucia (Spain). The mineralogical description of the rock materials included within the study and their denominations are as follows:
Carmona calcarenite
These are bioclastic calcarenites or grainstones (Dunham 1962) . They are rocks with an oriented clastic texture whose skeleton is formed by fragments of carbonated bioclasts (60 % formed by fragments of different organisms, degraded and recrystallized) and grains of quartz (40 % spherical or subspherical and well rounded, the smaller ones being more angular).
The cementing material among the grains is sparite, arranged with a mosaic-like texture and sometimes drusy. The porosity is mainly interparticlar, although it is also possible to note moldic and intraparticlar type. The two varieties observed, based on the degree of cementation and porosity, and are described below:
CBC: This variety exhibited the greatest degree of cementation of the samples studied. The sparite crystals of the cement were larger and better crystallized. This was reflected in the higher values of the ultrasound propagation speed and the lower total anisotropy index present as compared to Carmona calcarenite (CBE), Table 1 (Guyader and Denis 1986) , which has a porosity of around 9 %. CBE: This was the least cemented variety of the samples studied, and the sparite crystals were smaller. The ultrasound propagation speed was lower and the total anisotropy index was higher than in the previous case, Table 1 (Guyader and Denis 1986) . The bioclast/quartz grain ratio was slightly decreased in comparison with the more cemented variety. The free porosity value was close to 21 %.
Puerto de Santa María calcarenite
This is identified as a bioclastic calcarenite or packstone (Dunham 1962) . These rocks have an oriented clastic texture whose skeleton is mainly formed by fragments of carbonated bioclasts (70 % composed of fragments of different organisms. In general, they are fairly well ground, highly heterometric, and recrystallized) and by quartz grains (30 % spherical or subspherical), with frequent undulant extinctions.
The pseudosparite cement gave rise to point-like joins. These rocks have a very high porosity, mainly of the interparticlar type (although there are also intraparticlar and moldic varieties). The two varieties that could be distinguished on the basis of the degree of cementation and porosity are described below:
SEC: This exhibited the highest cemented value of the two calcarenites studied, the pseudosparite crystals were larger, better crystallized, and better defined. These crystals surrounded the grains, giving rise to point-like joins, sometimes in a mosaic form. The ultrasound propagation speed values were higher and the total anisotropy index was lower than in the other case of the Puerto de Santa María calcarenite (PSE), Table 1 (Guyader and Denis 1986) , with a free porosity value of around 17 %.
PSE: This stone showed the lowest degree of cementation of the two calcarenites studied. The pseudosparite crystals were smaller and more poorly defined, with remains of micritic mud. These crystals were arranged surrounding the grains in such a way that the join was only point-like. The ultrasound propagation speed was lower and the total anisotropy index was greater than in the previous case (SEC), Table 1 (Guyader and Denis 1986) , with a free porosity of around 28 %.
Artificial aging by salt crystallization in the calcareous building stone In the present work the water-soluble salts used for artificial aging the four lithotypes of calcarenite included within the study were anhydrous NaCl, NaNO 3 and Na 2 SO 4 9 10 H 2 O. All three were supplied by PAN-REAC. They were chosen on the basis that all of them had different degrees of solubility and that these anions were present in buildings where such calcarenites had been used for construction and renovation purposes.
The blocks of calcarenites (5 9 5 9 5 cm) were partially submerged once, up to a height of 1 cm with respect to the base, over a 24-h period in a 0.5 M solution of each of the soluble salts used to conduct the study. Thus, the incorporation of these salts into the calcarenite was due to capillary ascent. Subsequently, the blocks were dried at 60°C for 7 days to elicit salt crystallization.
Laboratory methodology for desalting process The desalting process was carried out using a sepiolite supplied by TOLSA (specific surface area 240 m 2 /g). The blocks (5 9 5 9 5 cm) in which the salts had been previously incorporated were placed in a closed box with a lid measuring 7 9 7 9 7 cm. The blocks were supported by bars in the side walls and base measuring 1 9 2 9 1 cm and 1 9 1 9 1 cm, respectively, and made of the same material as the box. This was done so as to prevent the blocks from touching the bottom or sides of the box (Fig. 1) . Then, the sepiolite poultice (100 g of A B Fig. 1 Schematic representation of the laboratory salt extraction method. a Closed box used when the sample is covered by sepiolite poultice; b stone sample sepiolite/260 g of ultrapure water) was poured around the block, also covering the top to a height of approx. 1.5 cm, and left there for 3 days. After this process had been completed, the wet sepiolite was removed, dried at 60°C, and analyzed. This process was repeated three times on the same block. In order to monitor the desalting of the calcarenites studied, the salts were dissolved and extracted from the dried sepiolite poultices. To accomplish this, an ULTRA-SON-H 3000841 ultrasound system from SELECTA was used at a working frequency of 50 kHz, following modifications to the NORMAL procedure (NORMAL 1983) proposed by Iñigo et al. (2001a, b) . In order to sure a measurable range of detection, different amounts of the sepiolite used for desalting were analyzed: 0.2, 0.4, and 1 g in the first, second, and third extractions, respectively (Vicente and Vicente-Tavera 2001) . Then, 100 mL of deionized water was added to the samples and filtered with 0.45 m nylon syringe filters and brought to a final volume (Prieto-Taboada et al. 2012) .
Analysis of the different salt species extracted was accomplished using a Metrohm ionic chromatography system, equipped with an IC 830 interface, an IC 819 detector, an IC 820 separation center, an IC 818 pump, and an IC 833 liquid handling unit.
The efficiency of the desalting method was determined by comparing the total initial ion content in the calcarenites to those obtained in the extracted sepiolite samples and measuring the free porosity (Norme Française 1973a, b) . Free porosity was the most appropriate parameter because porosity is directly interconnected with the calcarenite surface at atmospheric pressure, allowing fluid to flow through the pore network (Iñigo et al. 2001a, b) .
Free porosity accessible to water is defined by the following equation:
where: M1 = Dry mass of the sample prior to testing, at constant weight (600C). M 0 1 = Mass of the sample immersed in water for 48 h (Norme Française 1973a):
• The samples are placed at a time t on a grid within a container. Deionized water is added reaching onefourth of the height of the sample (capillary water absorption).
• After time t ? 1 h, water is added up to one half of the height of the sample.
• At a time t ? 22 h, water is added up to the top of the sample.
• At a time t ? 48 h the sample is removed and its surface gently dried with a damp cloth and weighed.
The water absorbed by the sample (M 0 1 -M1) corresponds to that needed to fill the pore volume accessible to water at atmospheric pressure. M2 = Mass of the sample by weighing below the balance (Norme Française 1973b):
• The sample is placed in a desiccator and degassed to 20 mm Hg for 24 h. The same process is carried out in another desiccator containing deionized water.
• After 24 h, the deionized, degassed water is slowly transferred from one desiccator to the other, the sample being completely immersed in water for at least 15 min. The degassing is continued for 24 h.
• The sample is kept at atmospheric pressure 24 h and weighed (weighing below the balance, M2).
M3 = Mass of sample saturated with water (Norme Française 1973b):
• After determining the M2, the sample is removed and its surface gently dried with a damp cloth and weighed.
Statistical method Biplot methods have undergone profound advancement in recent years and its application has been extensive in many different fields (Gower et al. 2011; Alves 2012) . Canonical biplot is a graphical method to study the alternative hypothesis after a multivariate analysis of variance (MANOVA) and permits simultaneous plots of the different groups to be compared and the different variables under analysis to be obtained, but with the intrinsic characteristics of Biplot methods (Amaro et al. 2004; Galindo 1986; Gabriel 1972) . The interpretation of the markers (means of the groups and the variables analyzed) depends on a series of measurements such as the quality of representation for the different planes (variance absorption of the planes, the goodness of the projections of the measurements on the variables for the dimensions selected, etc.).
The canonical biplot was applied to differentiate the salt extraction efficiency and the influence of free porosity in each of the successive extractions carried out. This technique has been applied in various studies as previously described on Iñigo et al. (2014) . For statistical analysis we used an application developed specifically for the Biplot method (Vicente-Villardón 2014) .
Results and discussion Table 1 shows the values of the ultrasound propagation speed (Vx, Vy and Vz), and the anisotropy index used to examine the different types of calcarenites. The most outstanding results were: (a) The CBC samples had the highest ultrasound propagation speed value, (b) the PSE samples had the lowest ultrasound propagation speed value, (c) the CBE samples had the highest anisotropy values, and d) the SEQ samples had the lowest anisotropy values.
Canonical biplot analysis was applied to a matrix formed by 10 variables (9 of each of the successive extractions) performed for chlorides (Cl1, Cl2 and Cl3), nitrates (Ni1, Ni2 and Ni3) and sulfates (Su1, Su2 and Su3), as well as the free porosity (FP), and 16 rows for the four types of calcarenite materials (4 replicates each one) ( Table 2) .
The global analysis of the canonical biplot provided a lambda (Wilks) value of 31.28, with p \ 0.01, indicating that significant differences among the different groupings did exist. The explained variance of the first two factorial axes was 85.96 %. The third factor did not offer important or relevant information.
On plane 1-2 (Fig. 2) , it can be seen that the free porosity was highly correlated with the amount of salts in the first two successive extraction procedures performed on the same calcarenite lithotype The correlation between variables is measured by the angle formed by those variables. If two variables are represented with a very small angle then the variables are highly correlated (Iñigo et al. 2013 ). Moreover, it was possible to note differences (p \ 0.05) among all the groups and in all the interpretable variables. It was also observed that the amounts of the different ions analyzed, obtained from the first two extractions from the calcarenites assayed, followed the order of:
This is because the values of free porosity obtained (the porosity directly interconnected with the surface at atmospheric pressure) in each of the calcarenites also followed the same order. In addition, a strong correlation between the free porosity and the other variables analyzed in the study (Fig. 2) was also observed. This result confirms the work done by Carretero et al. (2006) .
Su3 is be interpreted only in the third extraction (Table 2 ) confirms these results. The Su3 variable is not correlated with free porosity, indicating that the values obtained for these salts (sulfates) were independent of free porosity (both vectors are perpendicular). In this case, although the amounts extracted were very small, they were significant (p \ 0.05) (Fig. 2) . This may have been due to the lower solubility of the sulfate used at ambient temperature in comparison with the other two salts assayed (Weast et al. 1969) and that some of the components present in sepiolite such as calcium carbonates may produce the formation of calcium sulfate that affect the solubilization of sulfates.
Furthermore, since the values of the chlorides and nitrates were much lower than those recorded for the first two extractions, this showed that the ability of the sepiolite to continue extracting the latter two anions had almost ceased, due to the right balance between the sepiolite and calcarenite ion concentrations.
To determine the extraction efficiency of the laboratory method, Table 3 shows the amount of salt, on average, extracted from the sepiolite samples (meq/g). Comparison of the total initial ion content extracted from the blocks indicated that sepiolite could recover more than the 95 % of the Cl -and NO 3 -. Although, the amount of sulfate detected was less, the result still showed a good recovery (up to 88 %). The benefit/expenses associated with the second or third extractions were inefficient. The extraction by sepiolite represented \2 % of chlorides and nitrates and \3.5 % of sulfates.
Conclusions
The new laboratory methodology closely simulates the conditions found in monumental rocks. The results after the application of wet sepiolite were analyzed by the multivariate canonical biplot method and lead to the following conclusions:
(a) The third sepiolite extraction eliminates virtually all of the introduced salts in the calcarenite. (b) A correlation can be seen between the groupings of the amounts of anions extracted in the first and second extractions with sepiolite and the free porosity of each of the calcarenites studied. (c) In the third extraction process, a significant amount of sulfates was removed independently of the free porosity, because at ambient temperature their solubility in water is appreciably lower than that of the other two salts previously introduced into the pore network of the calcarenites. Some of the components present in sepiolite, such as calcium carbonates may produce the formation of calcium sulfate that affect the solubilization of sulfates. 
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